A laboratory scale, swirl stabilized burner is investigated in view of the impact of global equivalence ratio and thermal power variation on broadband combustion noise emission. The PRECCINSTA burner (Prediction and Control of Combustion Instabilities in Industrial Gas Turbines) is operated at atmospheric conditions. The presented combustion noise studies are based on a perfectly premixed configuration, where methane is burnt with air. From experiments, newly measured sound pressure spectra in the combustion system with well-defined acoustic boundary conditions are presented for several thermal loads and global equivalent ratios. For the combustion noise simulations, the hybrid CFD/CCA approach 3D FRPM-CN (Fast Random Particle Method for Combustion Noise Prediction) is used. Numerical simulation results of CFD and combustion acoustics are compared with experimental data in terms of flow field and combustion. 3D FRPM-CN is then assessed for its prediction capability of effects of combustion parameter variation on broadband noise emission. Numerical results are interpreted with a method for spectral mode decomposition. High frequency acoustic modes in the combustion chamber are identified and characterized. Sound pressure spectra from numerical simulations are evaluated with experimental data in view of reproduction of absolute direct combustion noise levels and shape of spectra. With the study presented in this work, not only a combustion noise prediction tools is further validated, but also a large experimental data base for combustion noise and thermo-acoustics validation in swirl-stabilized, confined configurations is introduced.
I. Introduction
The investigation of noise emission in aviation has become a prevailing research topic. This is motivated besides other things by institutional requirements regarding noise emissions of airplanes in civil aviation [1] [2] [3] . There are a large number of relevant noise sources in aircrafts, whereas the engine contributes a significant fraction to overall noise levels [4] . Numerous research efforts addressing the understanding of noise generation mechanisms and consequently the development of efficient noise reduction strategies for components like fan, compressor and exhaust jet led to an increased significance of combustion noise [5] and therefore a greater need to gain understanding of noise generation mechanisms and to find measures for its reduction. From today's standpoint, there is still deficiency in the theoretical and physical understanding of combustion noise [6] . Therefore, many studies address the issue with empirical approaches. In principle, combustion acoustics can be modeled from fully or partially scale resolving simulations, which also allow for the caption of thermoacoustic phenomena. However, direct methods are computationally extremely expensive. Therefore, hybrid CFD/CAA approaches are an attractive alternative, since they provide a large potential for saving computational resources. Furthermore, analyzing a problem with hybrid methods gives the possibility to apply specifically optimized methods to subproblems [7] and allow for manifold analyses, although acoustic feedback phenomena cannot be directly resolved. Here, at first, steady state, reacting CFD simulations of different burner operation conditions are conducted with the DLR inhouse code THETA (Turbulent Heat Release Extension of the TAU Code). A stochastic combustion noise sound source reconstruction approach subsequently uses averaged flow field and turbulence statistics from CFD simulations. Sound propagation is simulated with the DLR inhouse code PIANO (Perturbation Investigation of Aerodynamic Noise) via linearized Euler equations with local right hand side forcing based on reconstructed combustion noise sources. The approach of combustion noise modeling utilized in this work was derived by Mühlbauer et al. [8] , using the sound source reconstruction algorithm from Ewert [9] [10] [11] [12] . In recent works it was further developed by Grimm et al. [13, 14] for the applicability to complex test cases. The employed physical source term model was derived from first principles, using a fundamental pressure-density relation, leading to the linearized Euler energy equation with a right hand side forcing [15] , where the complete right hand side source expression of the pressure-density relation was taken from Candel et al. [16] . Their comprehensive source term was condensed to a temperature-variance based, monopole source term expression. In this work, the impact of a variation of combustion parameters on sound pressure spectra in a laboratory scale model combustor is studied in order to provide a more detailed data base serving for the understanding of how differently combustion parameters influence noise production in a swirl stabilized burner. In this context, a hybrid CFD/CCA stochastic method for combustion noise prediction is tested for its applicability and prediction capability towards a variation of those combustion parameters and a novel data set of acoustics measurements of this burner is presented. Therefore, combustion noise dependency on thermal load and global equivalence ratio is assessed with experimental and numerical methods for a complex, swirl stabilized and encased burner configuration. At first, models and analysis tools used for the theoretical and numerical studies are explained. This is followed by an introduction of the investigated combustor, the PRECCINSTA burner. The experimental measurement techniques, consisting of acoustic pressure measurements, Raman measurements for the temperature field and species distribution, and PIV (Particle Image Velocimetry) for information on the combustor flow field are not explicitly introduced. A deeper focus lies on the theoretical analysis of combustion noise in the burner system. Details on experimental setups can be found in the literature [17] [18] [19] . The CFD setup and the treated test cases are explained in detail, before those fluid dynamics numerical tools are validated for a reference operation case at a thermal load of P t h = 25kW and a global equivalence ratio of Φ = 0.9. Validation is carried out by means of velocity, and temperature distributions in the combustion chamber [17] [18] [19] . Consistency of the results of combustion parameter variation is demonstrated by means of correlating thermal load and equivalence ratio with integral heat release and integral effective combustion noise source variance. After CFD results are depicted for all treated operational variations, the CCA (Computational Combustion Acoustics) setup is explained. An effective combustion noise source term realization is identified, which can be extracted solely from the known CFD statistical quantities. It is used to establish correlations between integral turbulence statistics and the resulting combustion noise source entry into the burner system. Finally, combustion acoustics results are discussed with a method for spectral decomposition and it is shown that input turbulence statistics to 3D FRPM-CN are nicely reproduced in this complex application case. The comparison of numerically and experimentally obtained sound pressure spectra reveals that 3D FRPM-CN reproduces absolute combustion noise levels and reproduces the spectral distribution of combustion noise fairly accurately.
II. Computational Fluid Dynamics Framework
Reacting CFD simulations are carried out with the finite volume based DLR inhouse code THETA (Turbulent Heat Release Extension of the TAU Code) [20] . A detailed description of the main THETA code features can be found in the literature [21] [22] [23] . The code is designed for the simulation of steady and unsteady turbulent reacting flows with an incompressible solver on unstructured meshes using a dual-grid approach. A description of the governing equations and employed turbulence and combustion models for this specific laboratory scale burner case can be found in Grimm et al. [24] . A comprehensive numerical study using a compressible extension of the THETA code was performed by Lourier et al. [25] , where thermoacoustic phenomena occurring in this test case were investigated.
III. Modeling of Turbulent Combustion Noise
A combustion noise monopole source term based model is applied to a laboratory scale, single sector combustor operating in perfectly premixed mode. The source term model was introduced originally by Mühlbauer et al. [26] and further developed by Grimm et al. [27] . The following two sections, explaining the source term formulation, acoustic model and sound source reconstruction approach are taken from Grimm et al. [24] and are given here for completeness.
Source Term Formulation and Acoustic Model
The basis for the source term formulation derivation is a pressure-density relation
with a right hand side expression Φ from Candel et al. [16] , reading
with λ, the heat conductivity and V D α , the diffusion velocity of species α.Q is the volumetric heat release rate and M denotes the molecular weight. Eq. (2) is reformulated by making use of the energy equation, leading to a formulation with the heat release rate expressed in terms of temperature change
According to Mühlbauer et al. [26] , this formulation is a complete representation of the source term as given by Eq. (2) . Since usually applications with low Mach number flows are treated, the first term in Eq. (3) is assumed to be dominant over the second, representing the effects of turbulent velocity fluctuations and the second term is therefore neglected. The third term in Eq. (3) comes into picture only if the average molecular weight of combustion products significantly differs from the educts and is therefore also not considered here for the application of methaneair combustion systems. Based on the first term of Eq. (3), a right hand side processing rule for the source term expression is obtained by transferring a pressure equation formulation
with the isentropic exponent γ = c p /c v , to the pressure equation form of the linearized Euler equations [15] . This procedure gives q p = (γpΦ) ′ = ρc 2 Φ − ρc 2 Φ, which is then applied to the simplification of Eq. (3). The resulting, temperature variance based source term expression, which is subject to FRPM-CN modeling, reads
For the application of the full scale laboratory combustor simulation, it is coupled with a modified form of the linearized Euler equations
with the source term (Eq. (5)) on the right hand side of the pressure equation (Eq. (8)). Eqs. (6) to (8) represent the linearized Euler equations, while meanflow gradient terms are not taken into consideration. As stated by Ewert et al. [28] , those components are assigned to causing instabilities in the LEEs. As observed for the herein treated application case, this is mainly dependent on the local characteristics of the background flow field. Since the employed combustion noise source term formulation is temperature variance based, an additional transport equation for the temperature variance is solved on top of the numerical CFD RANS solution. It reads
with the model constant C T = 2. µ and Pr are the viscosity and the Prandtl number. The indexes t and T mean turbulent and turbulent temperature associated. The ∼ denotes Favré averaging.
Stochastic Reconstruction of Sound Sources
The source term in Eq. (5) is subject to stochastic sound source reconstruction. Therefore, the Fast Random Particle Method for Combustion Noise (FRPM-CN), introduced by Grimm et al. [27, 29] , is employed. Sound sources are built for each time-step according to local turbulence statistics from convective white noise. This noise field is realized in a discrete form by mapping random values carried by floating particles onto a source field grid. The spatial extensions of the source field are chosen according to the characteristics of the solution of Eq. (9) . The spatial filtering algorithm of sources can be generally described by
The discretization with FRPM instead of a preceding, streamline based approach RPM [15] , features an initialization with particles in the whole source region and therefore provides the resolution of recirculation zones. Furthermore, the FRPM grid is orthogonal in contrary to the streamline-based RPM discretization and therefore highly efficient Purser filter [30, 31] are employed for the source filtering, represented by G, which is convoluted with a white noise field U. Integration of source components is performed over the source volume V s and the local amplitude scaling is realized according toÂ = R (x ) /l 3 T (x ), in order to achieve the appropriate local source variance. The spatial white noise field U is processed with a first order Langevin approach in time for the realization of turbulence induced decay,
Equation (11) is a stochastic differential equation, realizing a long-term drift behaviour with the first component on the right hand side, while the second -so called diffusion term -introduces a Gaussian distributed white noise forcing, for which the random values have to be chosen appropriately [11] . D 0 /Dt = ∂/∂t + u c 0 · ∇ and u c 0 is the mean CFD RANS velocity field. For ξ (x,t), the properties
hold. The brackets denote ensemble-averaging. For small separation distance r and time τ, the noise field U correlation can be expressed by taking into account the solution of Eq. (11) and the source statistics from Eq. (13), as
or in words, the Langevin process induces an exponential decorrelation, representing turbulence related decay. The overall FRPM-inherent correlation function, resulting from the Langevin-induced decorrelation and the use of a Gaussian-shaped filter for the sound reconstruction procedure resulting from Eq. (10), reads
Equation (15) is used as the correlation function of combustion noise sources for the presented numerical simulations withR(x) = T ′′2 (x ) /τ T (x ) 2 . r and τ in Eq. (15) are the separation distance and time, respectively, while τ T and l T are the local turbulent time-and length-scale, herein taken from the preceding reacting CFD RANS solution.
IV. Spectral Fourier Filtering
As a tool for mode decomposition and system identification in dynamic systems with frequency dependent phenomena, a Selective Fast Fourier Filtering Approach (SFFFA) as introduced in [32] is applied. It is used to identify dynamics in the acoustic pressure fluctuations in the investigated combustion chamber and to depict turbulent timescale dependency of acoustic noise source fluctuations in the results sections. The method is based on frequency-filtered analysis of transient, time-coherent data from spatially distributed monitoring points in either Fourier-space or time-domain. At first, N P monitoring points are defined in a domain, where fluctuating acoustics quantities are monitored as a series of discrete time points. Those quantities are represented by the variable Φ k at positions x i . k defines a discrete point in time. Signals are recorded over a time-period t Sig , resulting in N = t Sig /∆t recorded equidistant time-points with a time-step ∆t. Consecutively, the respective complex, Fourier transform of the signalΦ m with m = 0, ..., N − 1 is evaluated, where m is assigned to a discrete frequency f m . The numerical algorithm of the Fourier transform is commonly known as discrete Fourier transform (DFT), and is evaluated from [33] 
The computational time of a DFT according to Eq. (16) increases with the number of samples to O(N 2 ). For efficiency reasons, the Fast Fourier Transform (FFT) algorithm of Cooley and Tukey [34] is used instead, resulting in a computational turnaround of O(N log N ). With the FFT, the signal energy is effectively distributed to a frequency spectrum.
The maximum resolved frequency is defined by the Nyquist criterion,
with the sampling rate f s . In the following, the resolvable part of the spectrum f m with m = 0, ..., (N − 1)/2 is treated, where f (N −1)/2 = f max equals the Nyquist frequency. For conservation of signal energy, the entries m = 1, ..., (N − 1)/2 − 1 of the quantitiesΦ m have to be multiplied with a factor 2 [33, 35] . Subsequently, a high-and low-pass filter is applied toΦ m , filtering out values assigned to frequencies outside of 
The complete time period of the filtered signal for a full cycle results to t Filt = 1/ f min . Therefore, a discrete time-point t k within a period of the filtered signal is defined as
with α = [0, 2π] meaning an arbitrary phase angle of the oscillation. The resulting signal value for a phase angle α of the filtered oscillation amounts to
For the depiction of a change in time of the filtered field, Eq. (21) is used to compute N P A different phase angles and their quadratic average is constructed by
An example for selective Fourier filtering is shown in Fig. 1 . The original signal in red (left) is transformed to Fourier space (right). Subsequently, a low frequency band of interest is maintained in the reconstructed signal, leading to a low-pass filter and a highly smoothed reconstructed signal. 
V. Laboratory Scale Combustor Application Case
The numerically investigated PRECCINSTA (Prediction and Control of Combustion Instabilities in Industrial Gas Turbines) burner is schematically shown in Fig. 2a . The numerical simulations are validated based on an experimental reference study with technical and perfect premixing by Dem et al. [17] . The investigations in this framework are focused on perfectly premixed combustion. The burner works as follows: An air plenum is mounted upstream. The air-fuel mixture is led into the plenum and consecutively through a swirler into the combustion chamber. The radial swirler consists of 12 swirler vanes. The fuel plenum as indicated in Fig. 2a serves for injection of fuel to air in a technically premixed operation mode [17] . For perfectly premixed combustion it is present as part of the burner geometry without further purpose. The tip of the conical center body prior to the combustion chamber denotes the reference point of the global coordinate system, as indicated in Fig. 2b . Subsequently, the air-fuel mixture expands into the combustion chamber, which has the dimensions 114mm × 85mm × 85mm. There, a swirl-stabilized flame is located. The burnt gas exits the combustion chamber through a converging section followed by an exhaust duct of d = 40mm. A detailed description of the experimental setup can be found in the literature [17] .
Comparison of CFD results is carried out for the flow field with averaged results from stereoscopic particle image velocimetry (PIV) [17, 18] of all three velocity components at horizontal profile lines in the combustion chamber at h = 6mm, 10mm, 20mm, 40mm. Single-shot laser Raman scattering measurements [19] are available for temperature profile lines and the mean species concentrations (O 2 , CH 4 , CO 2 , H 2 O) at the same positions for validation of CFD combustion and reaction mechanism. Acoustic pressure measurements are available for a wide range of operation conditions. For the microphone measurements, quartz-glass windows for optical access are replaced with fixed metal walls, in order to exclude possible wall damping effects and to ensure consistency with simulation boundary conditions. Fluctuating acoustic pressure is sampled at a combustion chamber reference microphone position at z = 42.5mm, y = r = 42.5mm, x = h = 15mm and in the upstream air-fuel plenum at z = 34.2mm, y = r = 19.75mm, x = h = −76mm.
The plenum microphone is directly mounted to the arrangement, while the combustion chamber microphone is set off to the burner by a small tube, due to high temperatures in the reaction zone. Measurement of acoustic pressure is then carried out in tube-normal direction and cooling flow is present in this small duct. Therefore, recorded acoustic pressure is corrected with a specific calibration function. The sampling rate of signals is f s = 50kHz.
VI. CFD Setup
The unstructured grid for the reacting CFD RANS simulations [36] is shown in Fig. 4 . The regions of the reaction zone as well as the swirler vanes and the connecting ribs between air plenum and combustor are refined compared to the air plenum and downstream zones in the combustion chamber and the exhaust tube. The inner computational domain is entirely discretized with tetrahedra. Near wall regions in the swirler and combustion chamber are covered with three prism layers and they are interconnected to the inner domains via pyramid elements. The tetrahedral grid consists of 16.6M elements with 2.9M points. Furthermore, it consists of 0.47M prism elements and 5K pyramids. The simulations are carried out with the finite volume based DLR research code THETA [21, 38] . The reacting CFD RANS calculations are based on an incompressible formulation of the Navier Stokes equations, treated with a SIMPLE (Semi-Implicit Method for Pressure Linked Equations) solution procedure. For the spatial discretization of the steady state RANS simulations, a second order accurate scheme (QUDS) is used. The physical time-step of the URANS simulations is ∆t = 5 · 10 −5 s. For turbulence modeling, the kω-SST approach [39] is employed. Mass flow is specified at the upstream air-fuel inlet with a turbulence degree of Tu = 0.01 and an initial turbulent length-scale l T = 1 · 10 −4 m, respectively, at T in = 320K. At the combustion chamber outlet tube, the static pressure is set to ambient reference conditions. Walls are treated as adiabatic except for isothermal combustion chamber walls, as indicated in Fig. 4 , impinged with T W = 1200K. Monitoring positions of the mean flow field and combustion quantities are horizontal profile lines according to the respective PIV measurements at h = 0.006m, 0.01m, 0.02m, 0.04m. As a solution strategy, at first, steady state reacting simulations are carried out. In order to accurately predict chemical reactions, an URANS simulation with a physical time-step is attached. Combustion is treated with a combined EDM/FRC approach for global reaction schemes. In this work, methane is burned with air under atmospheric conditions. This is depicted with a five-step global reaction scheme originally proposed by Nicol et al. [40] . It was optimized with respect to the laminar flame speed and is therefore a modified version of the published scheme. On top of the solution of flow field and combustion, an additional transport equation, Eq. (9), for the determination of a field solution for the temperature variance is solved. Therefrom, the local source term fluctuation amplitudes in the subsequent CCA simulations are determined. Investigated operation conditions are listed in Table 1 . A variation of thermal load and global equivalence ratio is carried out. The reference case of P th = 25kW, Φ = 0.9 is explicitly compared to experimental data of flow field and combustion [17] . Applied mass flow rates at the air-fuel inlet are evaluated by using a general reaction equation [41] of the form 
with the ratio of molar masses X N 2 /O 2 = 3.729. Therefrom,ṁ In =ṁ Fuel +ṁ Air is computed depending on the respective thermal load P t h and global equivalence ratio Φ. Species mass fractions at inlet conditions Y α,In for species α are
with the stoichiometric coefficients ν ′ α for species α, extracted from Eq. (23) and the molar masses M α for species α. Mass flow rates as listed in Table 1 
H u = 50.013MJ/kg is taken as the calorific value of methane. As an analysis tool for the expected combustion noise source distribution in the combustion chamber, an additional parameter ϕ is introduced. It is evaluated from the discrete realization of the source term q p in Eq. (5),
All quantities from Eq. (26) can be directly extracted from CFD simulations, with τ T = 1/(0.09ω). Therefore, ϕ reveals regions in the combustion chamber, where contributions to combustion noise based on the temperature variance based formulation of Eq. (5) are present. An exemplary evaluation of Eq. (26) for the reference case is shown in Fig.  5 . A visual correlation of the data in Table 1 is given in Fig. 6 . For the investigated operation points, thermal loads increase with air and fuel mass flow rates and therefore higher inflow velocities. Thermal power is furthermore a function of equivalence ratio. For low investigated thermal loads, a variation in equivalence ratio has a much less pronounced effect than for higher thermal loads. Reynolds number variations and their impact on thermal load and equivalence ratio correspond to velocity inlet variations, as expected. 
VII. CFD Results
First, qualitative CFD results and opposition with experimental data of the case P th = 25kW, Φ = 0.9 are shown for mid-plane sections in the combustion chamber in Fig. 7 . As can be seen in Figs. 7(a) and (b) , the URANS simulation reproduces the experimentally measured flow field nicely. All characteristics of the recirculation zones as well as the expansion angle of the flow are accurately described. The comparison of mean temperature and temperature RMS in Figs. 7(c) and (d) shows that combustion is also well depicted with the employed numerical methods. The flame in the numerical simulation stabilizes in the inner recirculation zone, as indicated by Raman measurements. The opening angle of the flame matches with experimental data. The previously introduced transport equation for the evaluation of temperature variance in the simulation as post-processing step, Eq. (9), is evaluated with modeled turbulence and flow field quantities from the URANS simulation and gives a good representation of fluctuating temperature values.
Those findings are confirmed by the quantitative comparison of simulation and measurements on horizontal profile lines in the combustion chamber, as shown in Fig. 8 . Flow field quantities are representatively shown with absolute velocity. For all positions in the combustion chamber, experimental flow field profiles are reproduced in the simulation with high accuracy. The same holds for temperature profiles in Fig. 8(b) . The opening angle of the flame as well as absolute levels are nicely captured. The quantitative results of reproduction of temperature RMS profiles in Fig. 8(c) however reveal weaknesses of the chosen approach of using an additional transport equation for the determination of temperature variance field solutions based on given flow field and turbulence quantities, especially in the vicinity of the burner axis, where fluctuation is clearly overpredicted in the numerical simulation. Nonetheless, peak values of the profiles are captured well, which is crucial for a successful application of the combustion noise sound source reconstruction approach and a prediction of absolute combustion noise levels without further tuning of the approach.
Additionally, the combustion parameters thermal load and equivalence ratio, which are explicitly varied in this study for their impact on combustion noise emission, are correlated with integral heat release and the integral of ϕ from Eq. (26), indicating contributions to combustion noise in the combustion chamber. Results are shown in Fig. 9 . As expected, an increase in thermal load corresponds to a larger entry of global heat release in the combustion chamber. The correlation in Fig. 9(a) shows a linear relation between thermal load and integral heat release for both investigated equivalence ratios, φ = 0.8 and φ = 0.9. A linear correlation with however different slope is observed for the integral of ϕ as a function of thermal load. ϕ as an indicator for contributions to combustion noise in the combustor therefore seems to strongly correspond to the overall heat release entry. Furthermore it can be stated from the results in Fig. 9 (a) and (b) that CFD simulations deliver plausible results in terms of heat release entries for different thermal loads. The same is observed for the correlation of integral heat release and the integral ϕ with global equivalence ratio, where both ( Fig. 9(c) and Fig. 9(d) ) show very similar trends. However, a variation of global equivalence ratio has only weak dependencies on integral heat release and ϕ, for the different investigated thermal loads.
Additionally, quantities influencing the effectively realized source term variance ϕ are correlated with the integral entry of ϕ in the combustion chamber. Results are depicted in Fig. 10 . Investigated integral parameters are temperature T , RMS of temperature T R M S , integral lengthscale l T and integral timescale τ T . Different operation points with varying thermal load are shown and multiple points for each thermal load denote the different equivalence ratios. As detected in the previously shown correlations, variations in equivalence ratio do not significantly contribute to a variation of overall combustion noise entries ( Fig. 10 (a) and (b) ). Different load points with varying equivalence ratio but constant thermal load are more or less horizontally aligned. Contrarily, a variation in thermal load significantly changes the values for integral source variance in the combustion chamber. However, no unique correlation between either temperature and source variance ϕ or temperature RMS and source variance can be identified. A different picture holds for the integral turbulence scales shown in Fig. 10 (c) and (d) . For increasing thermal loads and therefore combustor inlet velocities, larger lengthscales are present, leading to increased source variance levels. This corresponds to spatially larger sound sources in the combustion chamber for increased thermal loads. Higher inlet velocities furthermore induce stronger turbulent decay, as can be seen in Fig. 10(d) , where smaller integral timescales are present for higher thermal loads. Integral quantities in the combustion chamber are analyzed due to the fact that the overall flow and combustion is in all cases swirl stabilized, with the flame being located in the inner recirculation zone. (c) RMS of temperature. Fig. 8 Quantitative comparison of CFD URANS simulation results with experimental data [17] . P th = 25kW, Φ = 0.9.
VIII. Computational Combustion Acoustics Setup
Computational combustion acoustics simulations are carried out with the DLR inhouse code PIANO (Perturbation Investigation of Aerodynamic Noise) [42] . PIANO is employed for the sound propagation modeling via linearized Euler equations. Sound sources are reconstructed from local turbulence statistics as an input from the preceding CFD RANS simulations. Stochastic sound source reconstruction is performed at each time step with the integrated module FRPM (Fast Random Particle Method). The computational grid for the acoustics simulations is shown in Fig. 11 . The finite-difference based dispersion relation preserving Scheme (DRP) from Tam & Webb [43] is employed for spatial discretization. The block-structured grid in Fig. 11 consists of 1.5M hexahedra with 1.94M nodes in 938 blocks. It spatially resolves frequencies up to f ma x = 15kHz. For solution proceeding in time, a classical four-step Runge Kutta scheme is used. The mesh is optimized with respect to the local growth rate of adjacent cells with a maximum growth rate in critical regions of 1.05. Those are zones with large velocity and density gradients close to the combustor inlet and in the reaction zone. Mean flow field quantities ρ,ũ,ṽ,w, p are interpolated from the unstructured CFD RANS grid to the CCA domains using a statistical Kriging [44] algorithm for each investigated operation condition.
The overall simulation time step is limited by the sound propagation modeling and depends on the grid size as well as the local Mach number according to ∆t ma x = (2.83∆x min )/(π + π Ma). Therefore, a time-step of ∆t = 2.2 · 10 −7 s is used. The cell determining the maximum time step is located in the combustor outlet tube, where a composition of hot combustion products is present. The computational domain is enclosed by non-reflecting radiation boundary conditions [43] at the air plenum inlet tube, as shown in Fig. 11 . An additional plenum is attached to the combustor outlet, which is in turn enclosed by a damping sponge layer and radiation conditions. Walls are modeled as fully reflecting, while the ghost point concept of Tam & Dong [45] is used. As the main criterion for the determination of source field extensions, field values larger than 5% of the peak value of ϕ in the inner shear layer are included. This leads to source field extensions of x ∈ [−10mm; 50mm] and y, z ∈ [−38mm; 38mm]. Sources are reconstructed on an auxiliary equidistant and orthogonal grid, with ∆ = 1mm, which results in 346.6K cells and an initial distribution of random particles with 1.154 particles per cell. Sources are obtained via recursive filtering [30, 31] operations along the auxiliary grid, accounting for the local integral length scale. Turbulence is synthesized with a first order Langevin approach, as introduced with Eqs. (11) to (13) . Integral one-point statistics are extracted from the preceding CFD RANS simulations according to Fig. 9 Integrated CFD heat release rate and averaged combustion noise source term profiles as a function of thermal load and global equivalence ratio.
(a) Integral correlation of combustion temperatures and source term profiles ϕ.
(b) Integral correlation of combustion rms temperatures and source term profiles ϕ.
(c) Integral correlation of integral length-scales and source term profiles ϕ.
(d) Integral correlation of integral time-scales and source term profiles ϕ. Fig. 10 Inter-correlation analysis of flow turbulence and combustion parameters with impact on the combustion noise source term. Integral analysis in the combustion chamber for mean temperature, rms of temperature, integral length-and time-scales against integrated contributions to combustion noise sources according to ϕ = (γp)/T ( T ′′2 /τ 2 T ) 0.5 . A total of N CC A = 9 · 10 5 time steps is simulated, while resulting sound pressure spectra are evaluated over a time span of ∆t over all = 0.2s.
IX. Computational Combustion Acoustics Results
Stochastic combustion noise sound sources are reconstructed based on integral turbulence statistics in the combustion chamber, as shown in Fig. 12(b) . An exemplary distribution of instantaneous combustion induced sound pressure and sound sources in the inner shear layer are shown in Fig. 12(a) . Largest sound pressure levels occur close to the combustor front plate. The combustor exit is surrounded by an additional plenum and therefore acts as partially reflecting.
(a) Instantaneous distribution of combustion noise sound sources (iso-contours) and sound pressure in the combustion chamber. Furthermore, as indicated in Fig. 12b , acoustic sound sources fluctuating at large frequencies -corresponding to small integral time-scales -should predominantly occur at the flame root close to the combustion chamber inlet region. Larger turbulent time-scales downstream and closer to the combustion chamber side walls should then correspond to low-frequency fluctuating acoustic sound sources. This is verified with frequency filtered fluctuating acoustic sound sources, which are shown for different frequency bands in Fig. 15 . For lower frequency bands, stronger contributions by sound sources to the overall combustion induced acoustic energy are observed rather downstream (Fig. 15a) , while the opposite can be seen for higher frequency bands in Fig. 15c . Therefore, 3D FRPM-CN exhibits a correct conversion of integral turbulence statistics to sound source dynamics in this complex, swirl stabilized application case. A comparison of experimental sound pressure spectra and numerical simulations for varying thermal load and a constant global equivalence ratio φ = 0.9 are depicted in Fig. 16 . Experimental data is calibrated for up to f = 2kHz only. Spectra are shown for a combustion chamber and an air plenum microphone according to Fig. 3 . As expected, sound pressure levels globally decrease for smaller thermal load entries and vice versa. Two peaks are present in the experimental data, which can be assigned to a longitudinally oscillating thermoacoustic instability and its first harmonic [46] , which cannot be captured by the sequential FRPM-CN approach. Remarkably, the pressure spectra in combustion chamber and upstream air plenum have a similar, characteristic shape for all treated operation conditions. Levels are lower for smaller frequencies and then increase up to a certain level, whereas there is a characteristic roll-off for higher frequencies. The numerical simulations tend to reproduce those characteristic shapes well, despite low frequency fractions for P t h = 20, 25kW and P t h = 12.5kW in the combustion chamber. Numerical simulations are carried out without artificial scaling, solely relying on input of temperature variance, mean flow field and integral turbulence statistics from preceding reacting CFD simulations. Therefore, absolute noise sound pressure levels are accurately captured for most of the operation conditions, not only in the combustion chamber, but also in the upstream fuel-air plenum. Results are least satisfactory in terms of agreement with experimental data for operation points with small thermal loads, especially at P t h = 5kW. This could be linked to difficulties in stabilizing the flame in the preceding URANS simulations and therefrom resulting insufficient flow field, combustion, and turbulence statistics. A different picture is found for a comparison of experiment and CFD simulation of sound pressure spectra for varying global equivalence ratio and constant thermal load P t h = 25kW, shown in Fig. 17 . Still, absolute sound pressure levels are nicely captured for some points, whereas there are larger deviations for low or high frequencies at several operation conditions. Therefore, it seems that prediction of sensitive changes in combustion parameters as in a variation of global equivalence ratio is difficult with a hybrid method relying on robust but accuracy-deficient RANS models in the first place. However, experiments indicate that there is a significant change in spectral shape from a variation of global equivalence ratio.
Therefore, it can be summarized that 3D FRPM-CN is well suited for the prediction of absolute combustion noise levels, even in enclosed configurations with complex flow field and combustion. Even the general characteristic shape of the sound pressure spectra is well described with the method. However, if one is interested in very accurate predictions of local sound pressure over a large range of frequencies with very limited deviations, scale resolving, compressible CFD simulations are necessary, which are up to now still computationally expensive and difficult to handle. Another advantage of hybrid approaches compared to direct numerical assessment of technical relevant cases comes into play. Hybrid approaches are usually decoupled and therefore rather simple models for the depiction of noise (a) P t h = 30kW, CC.
(m) P t h = 7.5kW, CC.
(n) P t h = 7.5kW, UAFP.
(o) P t h = 5kW, CC.
(p) P t h = 5kW, UAFP. damping effects can be implemented. In that case, design processes of acoustic liner systems in combustion chambers can be carried out in an efficient but yet simplified way.
X. Conclusions
The CFD URANS simulations of the PRECCINSTA burner were conducted on two Intel Ivy Bridge E5 nodes, with 12 cores each with 2.4GHz and memory of 64Gb. For the simulation of one operation point, including cold flow simulation and several iteration steps for combustion, 1011CPU-h were necessary. A partially scale resolving LES/URANS simulation with moderate spatial and temporal resolution (around 80-90% of the turbulent kinetic energy directly resolved) of the same case, which was not explicitly shown in the paper, costed around 38000CPU-h. Considering the quality of agreement of CFD RANS results shown in the paper with experimental data, the RANS methods exhibit a highly satisfactory performance at very low computational costs, if one is interested in averaged flow field and combustion quantities. However, as was demonstrated further on, additional transport equations for higher order moments, as for the temperature variance, also show high quality results in comparison with experimental data. Combustion acoustics simulations with the hybrid 3D FRPM-CN approach were carried out on the same node architecture in 2700CPU-h. Therefore, the process chain of CFD plus additional CCA simulation amount to around 3700CPU-h, while approximately additional 15CPU-h were necessary for the interpolation of CFD flow and temperature field onto the combustion acoustics domain. In case a scale-resolving, fully compressible CFD simulation would be carried out in order to obtain combustion acoustics numerically, those turnaround times would be exceeded by far. Therefore, the numerical approach used in this work is a highly efficient and accurate approach for the determination of combustion noise, even in encased configurations with highly complex and highly turbulent flows. On the experimental side, a novel data set of acoustics measurements for the PRECCINSTA laboratory burner with rigid metal combustion chamber walls was introduced, which served as validation basis for the combustion acoustics simulations. Variations of thermal load and global equivalence ratio and their impact on combustion acoustics noise levels were investigated. The experimental and the numerical results consistently showed a decrease of noise levels for lower thermal loads whereas noise levels stayed fairly constant with frequency dependent variation for an alteration of global equivalence ratios. It was found that the numerical approach FRPM-CN was able to accurately capture spectral shapes and absolute sound pressure levels of experiments without any artificial scaling but showed inaccuracies in predicting the trends of global equivalence ratio variations in terms of acoustics. Experimental data furthermore revealed the presence of thermoacoustic oscillations in all investigated cases. Therefore, the measured data can be used as a validation basis of numerical approaches for the prediction of thermoacoustic instabilities, which was however not subject of the present study. As commonly known, sequential and hybrid approaches cannot capture thermoacoustics without two-way coupling of CFD and acoustics and resolution of transient phenomena. However, by using an approach for selective Fourier filtering in frequency domain, it was shown that characteristic acoustic modes can be detected numerically.
